The intermediate band solar cell was proposed to increase the efficiency of solar cells. 1 An intermediate band (IB) is formed within the bandgap of a semiconductor that acts as a stepping-stone to transfer an electron from the valence band (VB) to the conduction band (CB) via the absorption of two sub-bandgap photons. In this way, the photocurrent is increased. The voltage is, in principle, not reduced because the IB material is sandwiched between two ordinary semiconductors (p-and n-type), so that the IB is not in contact with the metallic electrodes of the solar cell, which are deposited on the front and back surfaces. In the case of quantum dot (QD) IB solar cells, the IB is formed by the energy levels of bound states, caused by the QDs detached from the CB and located within the bandgap of the host (or barrier) semiconductor.
Practical QD IB solar cells have not, as of yet, been produced. The main reason is the weak photon absorption of the QDs that have been used but also an undesired voltage reduction due to these QDs. The purpose of this paper is to examine other QD configurations, looking for ones with stronger absorption and that reduce the voltage decrease.
Most QD IB solar cells are made of InAs QDs in a host GaAs semiconductor. They are Type I QDs, whose bandgap is a shrunken form of the host bandgap, as shown in Figure  1 . In this QD, a set of bound states is formed at energy levels within the host material bandgap, appearing to be near both the CB and VB. The latter are prolific and closely spaced, due to the large effective mass of the heavy holes. The states corresponding to the light holes, which are much fewer in number, are also intercalated. Some bound states also appear within the corresponding host material band (shown in Figure 1 for holes but also occurring with electrons) and are called virtual bound states. The energy spectrum caused by the QDs can be calculated under the box shaped QD hypothesis by solving the effective mass equations for each band, 2 using the separation-of-variables method. 3 The quantum numbers used for labeling the states refer to the onedimensional solutions for each coordinate. The quantum numbers may be preceded with CB, IB, HH (heavy holes), or LH (light holes) to distinguish the band.
It must be taken into consideration that, due to the negative effective mass of the holes, the pedestal appearing in the VB, due to the Type I QD, acts similarly to the well in the CB and has the potential of forming hole bound states in the VB.
For sub-bandgap photons, optical absorption is produced between the heavy and light hole BSs and the IB BSs. This has been studied in the context of IB solar cells. 2 Absorptions between the IB states and the host material CB virtual bound states are also produced to allow operation of the IB solar cells. In addition to the transitions between bound states, photon absorption also occurs from transitions between extended states and bound states (or between bound states and extended states).
In Type I QDs, there are important sub-bandgap absorptions between hole bound states that have invaded the bandgap, shown in Figure 1 , and some virtual bound states in the CB. In practice, this is a reduction of the bandgap caused by the QDs that facilitates the recombination and is an important factor in the observed voltage reduction of the IB solar cells. 4 These hole bound states do not exist in Type II QDs, where the bandgaps for the QD and the host material are staggered, and therefore they are expected to present much less voltage reduction.
For vertical (z-directed), non-polarized illumination, the transitions are proportional to (|hN|x|N 0 i| 2 þ |hN|y|N 0 i| 2 )/2, where |Ni and |N 0 i are the initial and final electronic state of the transition and all states are assumed to be normalized. Since the matrix elements represent integrals, a necessary condition for strong absorption is the strong superposition of the initial and final states. However, the superposition integral between an extended state and a bound state is very weak because of the low superposition. In fact, the normalization of the extended states leads to a negligible value of their amplitude at any given point and thus, at the points where the bound state amplitude is large. However, the observed photon absorption is equal to the sum of the absorptions of each transition between couples of states. In the case of extended states, they form a continuum of energies. The observed absorption, therefore, is the product of a negligible transition times the number of concurrent transitions, so that the strength of the observed absorption is undetermined. This indetermination has been removed 5 for the InAs/GaAs system. It shows that the absorption for transitions between bound states, and extended states are much weaker than the absorption between couples of bound states.
Using the effective mass Schr€ odinger equation for holes (the same as the one for electrons with changed signs), the well appearing in the Type II QD VB is to be treated as a pedestal for ordinary electrons. It is a textbook exercise to show that pedestals do not sustain bound states. The only wavefunctions are the extended states with energy above the pedestal base (for holes, below the VB top of the host material). For energy below the pedestal top, the electron cannot easily penetrate the pedestal. This wavefunction is hyperbolic, with a minimum in the center of the pedestal. Outside, it is harmonic, as extended functions usually are. For energy above the pedestal top, the wavefunctions are harmonic everywhere but, using a classical analogue, their kinetic energy (and therefore the speed) is reduced when they pass over the pedestal, so that there is an increased probability of finding the electron inside the pedestal. This is the opposite of the performance of a well. Over the well, the electron speed increases and the probability per unit of volume of finding the electron over the well is reduced. Figure 2 presents a simple one-dimensional calculation, showing the increased amplitude of the wavefunction for Type II QDs. Resonances are characteristic of the quantum behavior and may lead to strong amplitude at certain energies.
Since bound states in the IB are bound around the QD, the overlap integral of the photon absorption element of the matrix is larger for extended states in Type II than in Type I QDs. The trade-off, then, between a small overlap and a high number of states may now benefit the extended states.
To this end, we compare the InAs/GaAs cell labeled SB in Ref. 6 with an unreal Type II structure, having the same parameters as those of the InAs/GaAS referred system, but with the pedestal in the VB (acting as a well for holes) transformed into a well (acting as a pedestal for holes). The absorption coefficients for transitions between extended states in the VB and bound states in the IB have been calculated for the system indicated. 5 Most of this work can be specifically applied to this case. Only the one-dimensional solutions for the effective mass equation have to be recalculated for the case of a pedestal. The three-dimensional extended state is exactly the product of the three one-dimensional solutions 3 (separation of variables holds exactly in this case). To calculate the elements of the optical transition matrix, we have used the Empiric kÁp Hamiltonian 2 and, once the elements of the matrix are calculated, they are introduced in the absorption formula and integrated in three dimensions for all the values of the extended-function wavevectors. 6 As has been said, our QDs are modeled as boxes (parallelepipeds) and symmetry considerations are used to reduce the number of calculations.
7 Figure 3 shows the absorption for the Type II unreal case as compared to the all-bound and all-extended absorption curves ending in all of the IB states for the real InAs/ GaAs case. As expected, the absorption in transitions from the VB extended states to the IB bound states is several hundred times stronger in Type II QDs than in Type I. However, they are still about ten times smaller than the transitions   FIG. 2 . One-dimensional, non-normalized extended wavefunctions: Red for a pedestal of 0.21 eV and blue (with higher amplitude) for a well of the same depth. In both cases ka ¼ 3.5 corresponding to a kinetic energy of 0.27 eV. The effective mass is 0.027 times the electron mass in the vacuum. The abscissas are normalized to the QD half length (the QD extends from À1 to þ1). 
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Luque et al. Appl. Phys. Lett. 103, 123901 (2013) between bound states of Type I QDs. Note that the absorption for the extended states starts at the position of the IB bound state energy level measured from the top of the VB, which, when the comparison exercise is done, is the same for type I and type II QDs. The transitions from the VB bound states start at a lower energy level, because the energy positions of the hole bound states invade the bandgap. The two peaks in each curve correspond to the onset of the absorption from the heavy holes (of less photon energy) and light holes. Data are from this paper (for the Type II QDs) and from Refs. 5 and 7 for the extended and the bound states of the type I QD, respectively. The application of Type II QDs in solar cells is an object of high interest. In many cases, it refers to colloidal QDs for organic semiconductors, with application to solar cells. 8 Adding antimony to the QD in a III-V host semiconductor a Type II band alignment is produced in the CB (not in the VB as in Figure 1 ) and this has been proven to enhance effectively the infrared photocurrent increase; 9 however, the voltage is strongly reduced. We think such structure produces the bandgap shrinkage already discussed as being characteristic of Type I QDs, but no IB at all. Adding antimony to the III-V host material and keeping the InAs for the QDs produces the desired VB Type II alignment as shown in Figure 1 In this paper, we calculate the case of InAs QDs in a host semiconductor with antimony producing a Type II band alignment in the VB. The bandgap, offsets CBO and VBO and effective masses of electrons and of heavy and light holes in the QD and in the barrier material have been calculated using Ref. 12. To increase the bandgap, we add Al to the host material. Much less previous work is available based on such quaternaries. 13 There are a very large number of them formed with Al, Ga, As, and Sb. We have restricted our search to those lattice-matched with InP, which is a materials grown in bulk crystals and may be used as a substrate for the formation of a lattice-matched quaternary. Taking into account, the energy spectrum appearing in Figure 4 we have chosen Al 0.64 Ga 0.36 As 0.54 Sb 0.46 as a host material for InAs QDs because their levels are reasonably well situated to cover a wide sub-bandgap range of absorption while avoiding overlap between the VB!IB and the IB!CB transitions, the latter not studied here because they are usually not limiting (and they are easily studied in the frame of a single effective mass equation). The parameters of this system are presented in Table I . The energy spectrum was obtained by the separation-of-variables method, but the energies are accurate for the IB states and reasonably accurate for the virtual bound states. Note that there are five levels in the IB: (1,1,1), (1,2,1)/(2,1,1) (both degenerate), (2,2,1), (1,1,2), and (1,3,1)/(3,1,3) . The last two levels were absent in the InAs/ GaAs case previously studied. As matter of fact, the number of states depends on the CB offset, on the effective mass used (actually, the one for the QD) and the QD size. The dependence on size is very strong. To have only five BS levels (so facilitating the calculations), we have reduced the QD base from 16 nm in the InAs/GaAs case to 10 nm in the current case. In summary, we expect it will possible to find a Type II QD material with absorption strength, based on extended state ! bound state transitions, similar or better than that in Type I QD materials, which is based on bound state ! bound state transitions. Furthermore, we have already stressed the absence of the bandgap reduction due to the penetration of the HH bound states into the host material bandgap in Type I QDs, leading to an undesirable voltage reduction. These expectations, theoretically explained by our model, seem to have already been experimentally confirmed. 11 Therefore, Type II QDs, with no confining potential in the VB, are recommended for further experimental research in quest of an increased sub-bandgap current with less voltage reduction. With these modifications, it is possible to envisage IB solar cells that exceed the efficiency of solar cells made in the host material without QDs, in particular if the density of QDs is increased.
